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ABSTRACT 
A detailed survey of the medium-mass region (60 < A < 140) of 
the nuclear chart has been made to compare a number of recent 
theo,retical calculations with the significant body of experimental 
information coming into the published literature. A comparison of the 
level properties of the Z = 51 antimony nuclei shows very good agreement 
with the recent calculations of Vanden Berghe, who includes two-particle 
one-hole configurations. The level structure and electromagnetic 
properties of the Z or N =53 nuclei are not predicted so well as the 
antimony nuclei. Inclusion of three-particle clustering has improved 
the agreement between calculated and experimental electromagnetic 
transition rates for the low-lying levels in odd-mass nuclei. More 
recent calculations using a dressed quasi-particle formalism are shown 
to have some success. The detailed experimental study ol odd-mass 
iodine near the neutron shell closure at N = 82 suggests that the 
particle-core interaction can account for a majority of the levels 
observed, if one uses an even-even core that includes known low-lying 
two-proton states. jnTHPTif 
Work performed under the auspices of the U. S. Atomic Energy 
Commission. 
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The nonnormal parity states in a given shell have higher J values 
than the normal parity states (e. g., h . . / t , in the g-d-s shell). This can 
cause significant deviations from the expected vibrational character. 
Studies of the odd-mass Z = 57 lanthanum nuclei suggest that the 
Coriolis force and its effect on high-J state coupling to the core can 
be used to account for the excess negative-parity states observed in the 
lathanum nuclei and their electromagnetic decay properties. The 
deformability of the cadmium (Z = 48) core and the Coriolis force may 
be the causes of apparent rotationlike level structure observed in the 
experimental studies of the odd-mass indium nuclei. These results 
suggest that more attention should be paid to the inclusion of a 
dynamic rather than static core and that the Coriolis force should be 
included as part of any complete, effective interaction. 
-3 
INTRODUCTION 
A number of improvements have been made in the description of 
vibrationlike nuclei in the past few years. Several of these improvements 
have been suggested by experimental studies of electromagnetic 
transitions in nuclei either alone or in conjunction with reaction 
spectroscopy studies. A number of these can be illustrated by a 
discussion of the odd-mass nuclei in the region of the nuclear chart 
bounded by Z of approximately 50 and N < 82. 
The inclusion of three-quasi-particle effects can provide a model 
mat is consistent with the results of various experimental studies. We 
will consider three examples. First, how incorporation of two-particle, 
one-hole (2p lh) states can lead to a good description of the odd-mass 
antimony nuclei. Second, how the recognition of three-particle 
clustering or alternately dressed n-quasi-particle configurations may 
lead to an understanding of odd-mass nuclei such as iodine. Third, 
how recent gamma-ray spectroscopy studies may explain the apparent 
deviation from vibrationlike character of the K = 81 nuclei. 
The recognition of the role of the Coriolis force in soft vibrational 
nuclei may lead to a better description of a large class of nuclei. To 
illustrate this, we will discuss the recent evidence for the trUxial 
rotation-aligned bands in the lanthanum nuclei. 
There are a large number of new experimental techniques and 
equipment that have been developed in the past few years. Some mention 
should be made of devices such as the Compton Suppression Spectrometer, 
•4 
the L.LL PDP-9/disc megachannei gamma-gamma coincidence spectrometer, 
and the new microcomputer-controlled rust-chemistry system that h*s been 
developed at LLL. Although it is nut thi? purpose of this presentation to 
cover experimental techniques, I h«ve included a discussion of the above 
and other techniques in Appendix I. 
TWO-PARTICLE. ONE-HOLE STATES 
The low-energy-level structure systematica for the odd-mass 
antimony (Z * SI) nuclei are shown in Pig. 1. where; the insert shows 
the rapid decrease in energy for all levels with respect to the g_, , 
1-3 orbital as neutron number is decreased, A simple, weak-coupling 
model of single particle and single particle plus phonon cannot adequatety 
account for all of the levels that are observed below the pairing gap in 
these nuclei. However, reaction spectroscopy studies have suggested 
that the excess states have strong two-particle, one-hole character 
4 S 
<2p lh). Recently Vanden Berghe and Degrfeck have attempted to 
calculate the structure of the antimony nuclei, taking into account the 
2p-lh states and their interaction with the single-particle and phonon-
coupled states. 
121 The Sb nucleus is an ideal case for studying the nature of the 
high-spin, positive-parity levels, since both 2p-lh and particle-phonon 
levels occur within a few hundred keV of each other, as seen in Pig. 2. 
'Reference to a company or product name does not imply approval or 
recommendation of the product by the University of California or the 
U. S. Atomic Energy Commission to the exclusion of others that may 
be suitable. 
* . ' J . , 
These levels are populated by decay, as well as by Coiilomb-eNiitation 
techniques. Thus any theoretical calculation is put to a stringent test, 
for it must not only properly predict the proximity or these levels, but 
also yield the measured transition moments 1 UUuliM in particular]. 
6 7 The results of recent gamma-ray spectroscopy studies ' are 
shown in Fig. 3. The 11/2 level and all Tour high-spin levels observed 
in excitation studies are populated in the beta decay of ~ T e m . Also, 
the branching ratios for the decay of the three 9/2 levels are quite 
distinct from each other. The 1035-keV level has only seven parts per 
thousand populating the ground state, while the 1145-keV decays 73% 
and the 947-keV level decays 10% of the time to the 5/2 ground state. 
The calculations of Vanden Berghe and Degrieck predict all three 
9 /2 + , the 7/2*, and the 11/2* levels at approximately 1 MeV. The 
branching ratios from the three 9/2 levels to the ground and first 
excited slates are consistent with their wave functions. The near lack 
of branching of the 1035-keV level to the 5/2 ground state is understood 
in terms of a very small ! d - , , 12> component, while the preference of 
decay to the ground state far the 1145-keV level comes from the 
i 5 
dominance of the I d . , , 12> configuration. The more stringent test of 
predicting the electric quadrupole transitions is also moderately 
•successful. The experimental vs calculated B(E2)f values are listed 
8 - 1 ' In Table 1, given in italics on the appropriate transition in Fig. 3, 
and compared graphically in Fig. 4. 
The qualitative features of the three 9/2 levels are explained by 
|j NJ> means the j-shell model state coupled to the N phonon of 
spin j : thus, Id-,., 12> represents the configuration: d. ,., on the first 
2 phonon. 
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the predicted major configurations. The branching ratios from the three 
9/2 l eve l s to the ground and first excited states are consistent with their 
wave funotions. Their results are presented in modified form in Table 2. 
The near lack of branching of the 1035-keV level to the 5/2 ground 
state is understood in terms of the lack of the Id- /., 12> configuration, 
while the preference of decay to the ground state for the 1145-keV level 
corner from the dominance of that configuration. 
The other levels that remain unexplained in the simple particle-
plus-vibration picture are the 1/2 and 3/2 leve ls . They occur at a 
decreasing energy of excitation as the nucleus considered is c loser to 
midshell, and exhibit large 2 p - l h strength in reaction cross - sec t ion 
4 
measurements . They have been treated by Vanden Berghe and 
5 
Degreick in their calculations. The electromagnetic deexcitation of 
119 these leve ls can best be studied in the beta decay of Te. The 
- - 119 13 
deexcitation of the 1/2 and 3 /2 leve ls in Sb are shown in Fig. 5, 
where the numbers in parentheses represent the relative transition 
intensi t ies /rates . The results of gamma-ray spectroscopy studies 
119 performed on Te activity are shown in Figs, 6 and 7. The sources 
were made by the Te (y, n ) 1 1 9 T e m + g reaction at the LLL electron 
1 4 IS linac. ' Although no lifetime measurements are available, the 
relative decay rates are consistent with the predictions of Vanden 
5 
Berghe and Degrieck. The apparent hindrance of the Ml transition 
between the two negative-parity levels is explained by a cancellation 
of the 2p- lh matrix elements, which provide the only allowed transitions 
between these two leve ls . For the decay of the l /2~ level, an E3 
rate of one single-particle unit (SPU) is not inconsistent with E-3 
" See Appendix [I. 
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transitions in this region of the nuclear chart, while the highly hindered 
M2 transition is to be expected because of the different nature of the 
two l eve l s it occurs between. 
THREE-PARTICLE EFFECTS 
For the structure of iodine nuclei, the simple particle-vibration 
1 fi 17 
model used by Kissl inger and Sorenson ' failed on several points. 
First, it did not account for the systematic occurrence of a second lov/-
ly ing5 /2 l eve l ind l lo f the odd-mass iodine nuclei (see Fig. 8); second, itdid 
not account for the large B(E2) • observed in the 5 /2j -"7/2 transition 
18 such as that reported by Be mis and Fransson ; and third, it did not account 
for the large number of l eve l s observed at an excitation energy of 1 to 3 
MeV. The situation was improved when calculations based on the 
19-21 suggestions of Alaga, Paar, and coworkers were undertaken. 
These calculations introduce the effects of three-particle clustering in 
nuclei such as iodine. 
The magnitude of the electric quadrupole transition for the 
+ + 129 
5 /2 , - * 7 / 2 1 transition in I is not predicted correctly by either a 
1 fi 17 
particle- or quasi-particle-phonon description. These models 
18 predict values of 1.1 and 2.5, respectively, while the measured value 
is 7 . 3 X 1 0 " e cm . However, Almar and coworkers" predict a 
-50 2 4 value of 6.7 X 10 e cm , which is in good agreement with experimental 
data. Their work gives a description of the low-lying states of odd-mass 
iodine nuclei in terms of a three-proton cluster coupled to a vibrational 
- 8 -
core . Their predictions for the B(E2) values from other low-lying leve ls 
can bs compared with experimental values taken from recent Coulomb-
23 24 25 
excitation, angular-correlation, and decay-scheme studies. These 
-50 2 4 are (in units of 10 e cm ): 
2 J . / 2 J f 5 x / 7 j Sl,51 3 1 / 7 1 5 ^ 7 2 / 7 t 9l/71 1 1 ^ 
Exptl. 7.3 £0 .4 3.5 1.6 1.1 7.8 12.2 
Almar 6.7 2.6 12.9 5.3 0.24 3.8 9.7 
Reehal 1.1 . 4.6 11.6 0.11 0.48 0.21 15.4 
Sorensen 2.5 — 12.5 — — — — 
Although there is c lose agreement in the B(E2) value for the 5 /2 , —7/2. 
transition, most other values have the correct relative magnitude. The 
H" + 12*i 127 
3 / 2 j — 7 /2 j transition has a lso been measured in I and I, where 
- *50 9 & 2fi 
the values are 14.4 and 11.2 X 10 e cm , respectively, and are 
more in agreement with the predictions. 
129 The level structure of I from a few hundred to 1500 keV is 
more dense than would be expected from a simple particle-vibration 
picture. The inclusion of three-particle clustering in the Z - 53 nuclei 
improves the agreement between theory and experiment. The recent 
25 27 28 decay-scheme studies of Mann et al. f>£,%>'-a m conduction with other 
23 24 26 29 30 studies, ' ' ' ' have given a fairly complete picture of the level 
129 129 
structure of I (Pigs . 9 and 10). In Fig. 11 a comparison of the I 
level structure is shown between experimental values and two 
22 31 
calculations: one by Almar e£ al. and theother by Vanden Berghe. 
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Three-particle effects are also observed in the odd-neutron 
nuclei. This can be seen in the Impressive change in level density 
when one considers the odd-neutron nuclei of molybdenum, as shown in Fig. 
95 12. Recently, we investigated the decay properties of the Tc i somers 
in detail; our results are shown in Figs . 13 and 14. Besides the 
leve l -decay properties, the most interesting feature of this set of 
decay schemes is the log ft values deduced from gamma-ray intensity-
95 balance techniques. The beta decay of the g . .„ ground state of Tc 
proceeds at an expected allowed rate with log ft values of 5 to 6. 
However, the P i / o isomer of Tc decays by highly hindered, f irst-
forbidden beta decay. Presumably this is a reflection of the lack of 
95 single-particle character of these levels in Mo. An example of this 
would be the 1/2 level known from reaction studies at 1301 keV. For 
this we are only able to set a l imit of 1 i. on the log ft value. 
The unique, first-forbidden beta decay of the 1/2 i somer to the 
5/2 leve ls in these nuclei is also in line with a multiparticle nature 
for these l eve l s . Values in this system range from 10 to 11.4 instead 
of from 8.5 to 9.5. In this case we can more confidently infer a 
difference in structure, since only one matrix element (<a» T , > ) contributes 
to the beta decay and we do not have the possibility of cancellation of 
matrix elements, which might be possible for the first-forbidden beta 
decays . 
The properties of the low-lying levels of odd-m^ss nuclei have 
a lso recently been treated by Marumori and coworkers. Their new 
microscopic theory for describing collective excitations in spherical 
32 33 odd-mass nuclei '' treats low-lying anomalous coupling states as 
-10 -
T4-^fl 
a new kind of ferm.'on col lect ive mode. This d re s sed t h r e e -
quas i -par t i c ie (3QP) fo rmal i sm is used to desc r ibe the o d d - m a s s 
nuclei with 53 to 59 protons o r neu t rons . 
The energy l eve l s , main ampl i tudes of the d r e s sed 3QP mode, and 
t rans i t ion probabi l i t ies in the iodine, ces ium, and lanthanum nuclei with 
38 74 to 76 neut rons have been calculated by Marumor i and coworke r s . 
The genera l t rend of the lowest 7 /2 , 3 /2* and two 5 / 2 + l eve l s in the 
odd-proton nuclei a r e repl ica ted well by the i r ca lcula t ions . The 
t rans i t ion probabi l i t ies genera l ly agree within a factor of 2 to 4. This 
can be seen for the 5/2„ to 7 / 2 . t r ans i t ion when compared to exper imenta l 
, 38 values : 
Nucleus 129j 1 3 1 C s 133,, Cs 135, La 
Ca lc . 6.8 10.7 8.8 8.2 
Expt. 2.1 ± 0 . 4 23 10.4 ± 1.2 26 
F o r the deexcitat ion of the 3 / 2 . level to the f i rs t 5/2 in the 
38 molybdenum and ruthenium nuclei , the values a r e : 
Nucleus 9 5 M o 9 7 R u 99„ Ru 1 0 1 R u 
(N) (53) (53) (57) (59) 
Calc. 2.0 4.9 11.3 13.9 
iixpt. 5.3 7.4 13.1 5.7 
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39-41 In our studies of the properties of the odd-mass lanthanum nuclei, 
we were able to identify the trends of the low-lying levels shown in Fig. 
15. Of particular interest are out results for the ' Cem, Ce°, and 
Ce decay shown in Figs. 16 through 19. The downward trend of the 
5/2l and 3 /2 , levels as neutron pairs are decreased in the lanthanum nuclei is 
reproduced by the Marumori ca 
B(E2) ratios do not fully agree: 
38 lculations. However, the relative 
Ratio Theory Experiment 
B<E2: 5/22 -7/2"*) 
B(E2: 3/2j - 5 / 2 * ) 
B(E2: 3 / 2 ^ - 5 / 2 * ) 
B<E2: 3/2 j - 7 / 2 ^ ) 
20.5 7.5 
10.2 48 
Similar trends can be seen when one compares the Ml hindrances 
and E2 enhancements for nuclei with 78 neutrons, listed in Table 3. 
The low-lying levels of these odd-proton K = 78 nuclei are shown in 
Fig. 20. 
The systematics of the low-lying levels of odd-mass lanthanum 
nuclei were shown in Fig. 15, The heavy marks to the left of each 
level scheme indicate the energy difference between the 2. level and the 
ground state ol the core nucleus Ibarium). The systematics suggest 
that the weak-coupling model may be applicable in explaining these 
positive-parity levels, at least down to La. Comfort and students 
- 1 2 -
47 
have also at tempted to calculate these l eve l s . They can calculate 
the c o r r e c t number of levels using a Coriol is coupling model; however, 
48 they do not find good agreement . 
ONE-PROTON, TWO-NEUTRON CONFIGURATIONS 
A la rge number of nega t ive-par i ty s t a tes have been observed at 
about 2 MeV of excitat ion in the Z = 53 iodine nuclei. The i r origin can 
be bes t understood if we f i rs t consider the even-even Z = 52 te l lur ium 
— — 12'? 1 ^4 
core , where 5 and 7 levels have been identified in "Te to Te, as 
49 well as s e v e r a l N = 80 nuclei . The e l ec t r i c dipole t rans i t ion that 
depopulates the levels in the even-even nucleus has a hindrance of 
o 
approximately 10 over the s ing le -par t i c le e s t ima te . Such high hindrances 
have led to the suggestion that these leve ls a r e predominate ly made 
from the two-neutron configuration: [ 2 d „ / 2 I n , , ,.)]. For the o d d - m a s s 
iodine nuclei, then, we should expect one-proton, two-neutron (itvv) 
50 s t a t e s built on this configuration. 
131 The negat ive-par i ty levels that have been identified in I and 
133 
I a r e shown in the center of Fig. 21, where the deexcitation of 
51-53 selected levels is shown in the outer por t ions ; the decay of 
] *^ RS 
levels in I up to 2 MeV is shown in P'ig. 22, The dec r ea se in 
energy of excitation in the odd-mass iodine nuclei is s imi l a r to that of 
the negat ive-par i ty levels in the e v e n - m a s s t e i lu r ium-core nuclei . The 
appearance of the known 9-sec , 19/2 i s o m e r of I can be understood 
a s the itvv level with configuration [ f g 7 / 2 " ' d 3 / 2 ^ l l / ' ^ " ! J O / 2 " T * i e 
hindrance of approximately a mill ion for the M2 deexcitation a r i s e s f rom 
-13-
the lack of any such nvv components in the 15, 2 vibrational state to 
which the level decays. The 7 configuration, upon which the 19, 2" is 
130 built, occurs at an excitation higher than the 5 in Te. Correspondingly, 
the 19/2 level would be expected to be at an excitation energy above the 
131 15/2 level in Te, and its deexcitation could occur through an E2 
transition to the 15/2 level. 
The deexcitation of the 15/2" level at 1797 keV in I is by a 
highly hindered El transition to the lower lying, single-particle, 
vibration-coupled levels and by an E2 to the single-particle h. 1 „ level. 
Thn latter transition is not expected if the 1797-keV level has a pure 
configuration: [ 7 r g 7 / 2 f<d„ ,„ h^, / „) , . - ] . However, the apparent hindrance 
factor of this E2 transition is 14 and may represent a small amount of the 
[hj . ,„ 12> configuration in the 1797-keV level. A similar explanation 
133 
may be appropriate for the deexcitation of the 15/2 level in I. 
133 Two possible 13/2 levels in I at 1776' and 1990 keV should be 
commented on. The lower energy level has deexcitation characteristics 
131 similar to the 1899-keV level in I and may have the configuration: 
[ it d„ , , v(d„ 12 h , . o\~^ ' T n i s configuration would be expected a few 
hundred keV above the [ jrg_ ,„ v(d, ,„ h , , /o'c"! levels and would be 
expected to decay predominately to the lower levels with tvv configurations. 
OCCURRENCE OF ROTATIONLIKE STRUCTURE 
One of the deviations from vibrationlike character occurs for the 
nonnormal-parity, h . . ,„ coupled states in nuclei. Receu.1 we have 
-14-
given evidence for the existence of all particle-plus-rotor levels 
54-56 predicted at low energy in the odd-mass lanthanum nuclei. The 
particle-plus-rotor model was suggested to explain the results of 
(HI, yn-y) reaction experiments by Leigh et al., ' who have established 
the systematics of an yrast band with level spins of j , j + 2, j + 4 . . . 
built on the lowest 11/2 level in light, odd-mass lanthanum nuclei. A 
stretched, E2, gamma-ray cascade was observed in these nuclei with 
transition energies very close to those of the ground-state band in the 
even-even barium-core nucleus. Neither strong-coupling nor weak-
coupling models appear to explain adequately these bands. 
Leigh et al. showed that the character of the yrast bands is 
57 59-6'? consistent with a particle-plus~rotor coupling scheme ' " with an 
intermediate prolate deformation of 0.1 < (3 < 0.3. In this coupling 
scheme, the single-particle and Coriolis terms of the Hamiltonian are 
of comparable size for intermediate deformation. When the rotation 
axes of the core and odd particle are aligned, the angular momentum of 
the nucleus is more equally shared between the core and the odd particle, 
minimizing the Coriolis force and decoupling the particle from the core. 
This results in a rotation-aligned band with the observation of a stretched, 
E2, gamma-ray cascade, -»j + 4 -»j +2-»j , similar to that of the ground 
band of the barium-core nucleus. 
In addition to the yrast band, the lower spin levels not populated in 
(HI, xn7> experiments are predicted by the particle-plus-rotor model, 
including levels with j = 7/2, 9/2, 3/2, 13/2, 11/2, and 5/2. For 
example , for in te rmedia te pro la te deformation, the energy of the 7 / 2 " 
level in light lanthanum nuclei is predic ted to be about midway between 
that of the 15 /2" and 11, 2" l eve l s , the 9 /2" level to be between the 
19/2 and the 15/2 leve l s , and the second 11/2 level to r i s e sharply 
59 with inc reas ing j3. These lower spin l eve l s provide a c r i t i ca l t e s t for the 
p a r t i c l e - p l u s - r o t o r model in th is region and for the conclusion of Leigh 
et a l . that the light lanthanum nuclei have a pro la te deformation. In 
o r d e r to study these we have pe r fo rmed g a m m a - r a y spec t roscopy s tudies 
133 on the decay of m a s s - s e p a r a t e d c e r i u m to lanthanum from Ce to shell 
139 c losu re at C a All of these s tudies were possible because of the high-
64 yield i so tope-separa t ion techniques developed at LLL by P . Johnson. 
133 The e lec t romagne t ic decay p r o p e r t i e s of the La l eve l s bes t 
s e r v e to i l lus t ra te the decay of the rotat ion-al igned l eve l s . In Fig. 23, 
we p re sen t the decay of some of the l eve l s we have observed; the decay 
scheme is shown in more detai l in F igs . 24-27. On the r ight-hand side 
of the Fig. 23 i s a compa r i son between the l eve l s we have identified and 
59 the r e su l t s of a calculat ion with no free p a r a m e t e r s by Meyer t e r Vehn 
133 for La using an a s y m m e t r i c r o t o r model (Theory A). The value of f$ 
in th i s calculat ion is de te rmined to be 0.201 from the energy of the 2 1 
l eve l of Ba. The value of the a s y m m e t r y p a r a m e t e r , y, is de termined 
+ -»- 132 
to be 23.5° from the ra t io of the ene rg ie s of the 2 , and 4 . l eve l s of Ba. 
A compar i son of the level o rder ing and re la t ive spacing shows a 
very good agreement between Meyer t e r Venn's calculat ion, the 
exper imenta l l eve l s de termined in our be ta -decay study, and the 
(HI, x n 7 ) r e su l t s of Leigh et a l . The l a r g e r abso lu te -energy differences 
-16-
in the calculation than in the experiments may be due to the fact that 
the theory used by Meyer ter Vehn uses a rigid rotor. Allowing for 
rotor softness leads to a compression of the calculated spectrum. ' ' 
The 5/2" level is above the 19/2" level in Meyer ter Venn's 
calculation, while experimentally it is probably below. 
The inclusion of pairing (shown as Theory B in Fig. 23) will bring 
the 5/2" level below the 19/ 2* level. Inclusion of pairing also depresses 
other lower spin levels relative to high-spin levels. Of some importance 
is the energy of the second 11/2" level. A more recent calculation of 
Meyer ter Vehn includes the effect of a Fermi energy, X, and pairing. 
This provides a lowering of the levels * a ; as seen in the center 
portion of Fig. 23, a number of the levels are brought down sharply 
in agreement with experiment. The branching ratio can be calculated by 
first adjusting X to the relative energy of the 9/2* level with respect to 
the 11/2" and then using a deformation parameter of (3 = 0.21 and 
asymmetry parameter of y = 24° <these values are taken from the 
132 134 65 
adjacent even-even nuclei Ba and Ce). The branching ratios are: 
Transition Theory H 5 9 Experiment 
9 ' 2 1 - 1 1 / 2 1 
9/2, - 7 / 2 j 




The lifetime of the 7/2" level at 785 keV is unknown. However, if 
we take the enhancement of the E2 transitions in the even-even barium-
core nuclei as an upper limit for the enhancement of the 249-keV gamma 
ray (cf., the 2. — 0 transition in Ba has an enhancement of 35), i gs 
then we calculate the following hindrances: 
Transition Type Hindrance 
7 / 2 - 1 1 / 2 " E2 s 1/35 
7/2" - 5 / 2 , El 1.1 X10 5 
7/2" - 7 / 2 , " El 1.4 X10 6 
7/2" - 9 , 2* El 6.7 X10 4 
Used strictly, these hindrances should be taken as a lower limit. 
We find the El transitions are highly hindered, as would be expected 
from such a rotation-aligned configuration. The decay of the 11/2" 
band-head level at 536 keV is more in line with what would be expected 
of an h. , .,„ level. The lifetime of this level has been measured at 65 
nsec. Using this value and the gamma-ray intensities, we find 
hindrances of 0.9 for the 536-keV E3. 82 for the 405-keV M2. and 1.6 X 10° 
for the 56-keV El. These are consistent with transitions from b... ,_ 
levels known in this region. 
There are an increasing number of cases where nonyrast members 
of ilie rotation-aligner* bands can be observed. The higher spin members 
of these bands can be found in the odd-proton iridium and gold nuclei, 
such aa , 8 ' i r 6 ' and , ! * S ; Y U . 6 8 , 6 9 There is also some evidence for 
-18-
lower spin m e m b e r s in the odd-neut ron nuclei , such a s that observed 
. . . . . . . 137,., . 70,71 
by Nowicki in Nd. 
COEXISTENCE OF PARTICLE-CORE AND HOLE-CORE STATES 
The indium nuclei a l so exhibit significant deviations from a simple 
vibrat ional p ic tu re . The expected s ingle-hole and ho le -v ibra t ion 
72 73 exci tat ions have been identified ' in the indium nuclei . The e lec t r i c 
quadrupole s t rength to the ho le -co re s t a tes has been measu red by 
heavy- ion Coulomb excitat ion and a g r e e s with s imple ho le -co re 
72 
ca lcu la t ions . However, e a r ly decay-scheme s tudies showed many 
m o r e l eve l s than expected were p resen t at the ho l e - co re excitat ion 
74 e n e r g i e s , having posit ive pa r i ty and l a rge , e l e c t r i c , quadrupole, 
75 t rans i t ion moment s between them. Various mechan i sms have been 
75 proposed to explain the o c c u r r e n c e of these s t a t e s . Ba'cklin et a l . 
have studied severa l of the nuclei and suggest the exis tence of a deformed 
band based on the 1/2 [431] Ni lsson orbi ta l . We have cons idered 
7fi these nuclei and have suggested that calculat ions m o r e in the framework 
77 of the rotat ion-aligned scheme would be t t e r account for these l eve l s . 
78- 82 In our spec t roscopy s tudies of the odd-mass nuclei , it has 
been possible to study the decay of severa l of the low-spin pos i t ive-
par i ty l eve l s . The f i rs t and second m e m b e r s of the pos i t ive-par i ty band 
111 78 have been observed in the beta decay of Sn and (p, xny) 
83 84 113 83 84 
expe r imen t s . ' They have been observed in In by (p.xnry) ' > 
and as shown in Pig. 28. we have observed the 1/2 level at 1029 keV 
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populated in the beta decay of Sn. In the ca se of In, we can 
80 81 identify at l ea s t two low-sp in bands . ' The bands a r e observed in 
In * and In as wel l . In all of these the main e lec t romagne t i c 
decay fea tures a r e the highly hindered, e l ec t r i c dipole t r ans i t ions to 
the known hole s t a t e s and s t rong, intraband, Ml and E2 t r ans i t i ons . 
115 The bes t c a s e to d i scuss i s In, for it has been studied with 
7 *i 7fi 
the l a r g e s t number of var ied techniques . Bes ides the decay- scheme ' 
i y p iTO O e OG 
(see F igs . 29 and 30) and Coulomb-exci ta t ion * ' * s tud ies , react ion 
s tudies have identified the hole s t a t e s 8 7 " 8 9 of l i 5 I n . The ( 3 He, d) 
90 115 
reac t ions tud ies have shownst rong lp -2h s t rength in the In leve ls 
77 that a r e thought to have p a r t i c l e - c a d m i u m - c o r e c h a r a c t e r . Also, the 
quadrupole moment of the lowest 3 /2 level h a s been m e a s u r e d by Haas 
91 and Shir ley as 0.60 ± 0.08b. Unfortunately, mos t theore t ica l work 
92-94 h a s been on the calcula t ions of the hole-v ibra t ion s t a t e s , while 
only one a t tempt h a s been made to calculate s imul taneously the h o l e - t i n -
95 c o r e and p a r t i c l e - c a d m i u m - c o r e s t a tes and the i r poss ible mixing. 
The e lec t romagnet ic decay of the lp -2h s t a t e s is cons is ten t with 
a configuration quite different from a simple ho le -co re p i c tu re . The 
E 2 t rans i t ion between the 1/2 and 3/2 level has been shown to be 
75 col lect ive with a speed s i m i l a r to the cadmium c o r e , while the E l 
fi 7 
t r ans i t ions a r e hindered by fac tors of 10 to 10 . The h ighe r energy , 
low-spin , pos i t ive -par i ty l eve ls decay predominate ly to the lower 
lp -2h l eve l s , while the E l t r ans i t i ons to the known 1/2" and 3 / 2 " hole 
4 
s t a t e s a r e h indered by 10 . Recent Compton-suppress ion spec t roscopy 
& t -*• 
r e s u l t s show that the re la t ive intraband E 2 t rans i t ion from the 9 /2 
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member of the lp-2h band is highly favored, while the ground-state 
transition is hindered by at least a factor of 4000. The first 9 /2 hole-
tin-core level l i e s 30 keV above the 9/2 particle-cadmium-core level . 
Here our studies have been able to identify the E2 transitions to the two 
lower 5 / 2 r l eve l s . We find that the E2 to the particle-cadmium-core 
state i s hindered by a factor of 10 over that to the 5/2 hole-cadmium 
level . 
A multiple-band structure is predicted by Meyer ter Venn's 
calculations, where succeedingly higher energy bands decay into the 
59 111 
next lower band. In our studies of In leve ls populated by decay of 
Sn, we observe l eve l s (Pig. 31)that decay in this manner (Figs. 32 
and 33). Of particular interest is the level at 2212 keV, which has a 
strong decay to the lowest 3 /2 
4 
hindered by approximately 10 
strong decay to the lowest 3 /2 level while decay to the ground state i s 
r>4 
115 All of the observed properties of the lp-2h l e v e l s in In are 
consistent with a deformed configuration, and it is tempting to ascribe 
the lp-2h band to a 1/2 [ 4 3 l ] Nilsson orbital. However, a more 
quantitative explanation should encompass an extensive Coriolis calculation 
as a function of deformation, much in the spirit of Diamond, Stevens, 
j , 57-60 
and coworkers. 
OTHER LOW-LYING CONFIGURATIONS 
The effect of low-lying 2- and 4-proton configurations in the core can 
be seen in the systematica of the N - 81 nuclei shown in Fig. 34. 
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96 97 98-103 
These data come from reaction ' and gamma-ray spectroscopy 
studies. The three lowest- lying l eve l s with j"^ of 3 /2* , 1/2 , and 
11/2 have been shown to have nearly all the d„ , „, s . , 2 , a n d h . . / 2 
strength, while the g„ „ and d, ,„ strength has been shown to be 
fragmented over several l eve l s . ' ' The beta-decay studies have 
133 103 shown the presence of many more l e v e l s below 2 MeV in Te and 
1 3 5 ^ 9 8 - 1 0 2 & g B o b s e r v e d in ^ g b e t a d e c a y t o l e v e i s o f 1 3 9 C e , " - 1 0 1 
Nd, and Sm. These exces s levels are unaccounted for in the 
calculations of Heyde and coworkers, who couple the s ingle-
neutron-hole motion to the quadrupole vibrations of the nuclear surface. 
139 The results of our recent experiments on the decay of P r made 
by the P r ( v , n ) P r reaction at the LLL electron linac are 
shown in Fig. 3 5. The decay of most of these l eve l s can be described 
95-98 by Heyde and coworkers, but there remains an extra set of l eve l s . 
Presumably it can be accounted for by the coupling of the known 0 level 
140 in P r to the neutron hole. The electromagnetic decay of the 1907-keV 
level is one such candidate. Its branching to the known first vibrational 
state at 1320 keV suggests such a configuration, 
135 The level structure of Xe becomes understandable when the 
135 detailed electromagnetic decay properties of the Xe l eve l s are 
considered along with the recent studies of the Xe core. 
135 In Fig. 36, the level structure of Xe is shown and compared to 
13fi a simple Xe experimental core-hole-coupling picture. The energy 
and decay properties of the first three leve ls above 1 MeV agree well 
105 with the hole-vibration calculations of Heyde and Brussaard. However, 
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some of the higher-lying levels decay in a manner consistent with the 
decay characteristics expected from coupling a neutron hole to the 
known Xe core. An example of this is the 1968-keV 5/2 level 
shown in Figs. 37-39. Here, <:he E2 transition to ground state is 
3 + 
hindered by a factor of 5 X 10 over the transition to the 7/2 level at 
1131 keV. Such a hindrance is consistent with the coupling of the d- ,» 
ground state to the known 4. level of " Xe. Similar states are 
133 112 
observed in Te, as shown in Fig. 40. 
OTHER MULTIPARTICLE STATES 
The effect of five-quasi-particle (5QP) configurations may be seen 
in the odd-proton nuclei of the g„, „ shell. Recently, Marumori 
pointed out that one would expect the dressed 5QP mode to giv: an extra 
low-lying level with J-2. That is, for the g g / 2 nuclei, we should expect 
a 5/2 level to be low lying. Such an effect has been observed in the odd-
mass technetium (Z = 43) nuclei; 5/2^ and 7/2 levels have been observed 
99 99 115 
in Te, as illustrated by our recent work on Mo decay (see Fig. 
41; and on 1 0 1 T c (see Fig. 4 2 ) , 1 1 6 where the 9 /2 + , 7 / 2 + and 5/2* form 
117 a triplet at 0, 9, and 15 keV. This is contrasted with the Z = 45 
rodium nuclei, as shown in Fig. 43, where only the 7/2 level is low-
lying. 
Detailed studies of the odd-proton nuclei in the technetium and 
103 118 
rhodium regions, such as the one performed on Rh levels shov 
in Fig. 44, have demonstrated that the electric quadrupole (E2) 
-23 
transition is highly collective. This can be seen in Table 4 by the 
relatively high-percentage E2 in the 7/2 — 9/2 transition for Z = 43 
and 45 nuclei. 
It should be noted that Kuriyama et al. have considered these 
125 99 
transitions, and in nuclei such as Tc find good agreement when 
they use a dressed 3QP formation: 
Transition Theory 126 Expe r imen t 
2) 5 / 2 + - 9 / 2 + 4.2 4 .5 ± 1.5 
7 / 2 + ~ * 9 / 2 + 11.7 13.5 ± 1.5 
11) 7 / 2 + - 9 / 2 + 0.044 0.076 ± 0.009 
However, they do not examine Tc where a 5QP configuration should be 
considered. 
The 3QP and 5QP configurations are apparent in all regions of the 
nuclear chart and deserve theoretical treatment in the manner of 
33-38 Murumori and coworkers. A good example of this is the region where 
the orbital of the g g / 2 shell model occurs. We observe levels with 
positive-parity J values less than 9/2 at energies lower than the pairing 
gap, or lower than would be expected from simple phonon coupling. This 
is shown for the odd-neutron nuclei in Fig. 45 and in more detail for 
the Z - 30 zinc nuclei in Pig. 46. The electromagnetic decay of these 
levels can be studied in cases such as Ga decay, shown in Fig. 
47, where the major branching of a 5/2 level is by E2 decay to the 
known g 9 ,^ level. 
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The levels of the odd-proton nuclei in the light Sq/o1 z = N shell 
a r e shown in Fig. 48 . In this case , low-lying J l eve l s have not been 
128 observed until the Z = 33 a r s e n i c nuclei . However, Betts et a l . 
have identified pos i t ive -par i ty levels in a r sen ic , as shown in Fig. 49; 
75 for compar ison, all known levels of As a r e shown in Fig. 50. Here, 
again, we can study the e lec t romagnet ic decay p roper t i e s of these 
75 75 
levels , and in F i g s . 51 and 52 we show the decay of Ge and Se to 
75 129 130 
As levels respec t ive ly . • The e lec t romagnet ic decay of the 
5 / 2 + and l / 2 + l e v e l s (Fig. 5 1 ) 1 2 9 . 1 3 0 ^ g m u n e with what would be 
expected for decay of levels with predominate ly d r e s sed 3QP and 5QP 
configurations. This is an a r e a where further theore t ica l work would 
be welcome. 
HIGHER-ORDER MULTIPOLARITIES 
The magnet ic t r ans i t ions with o r d e r s higher than one a r e r a r e l y 
observed . The M2 t rans i t ions have been reviewed by Kurath and Lawson, 
When the M2 t rans i t ion occurs between predominate ly s ing le -par t i c le 
leve ls , they a r e found to be hindered by a factor of 50 over s imple s ingle-
pa r t i c l e e s t ima te s for nuclei in the tin region (Fig. 53). An example 
of this is in the odd-mass te l lur ium nuclei, where two 7/2 levels a r e 
known; one a r i s e s from the d~ < 2 coupled to the f i r s t 2 phonon and the 
o ther is a g_ ,„ hole s ta te . As the sys t ema t i c s show in F ig . 54, the two 
7/2 levels a r e within 6 keV of each o ther . The M2 t rans i t ion has been 
12*1 1*92 
recent ly identified in the Te nucleus (Fig. 55). I ts measu remen t 
by Compton-suppress ion techniques allowed the ass ignment of the g- .„ 
133 hole s ta te in the nucleus . The M4 t rans i t ions occur in the t in region 
13 
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between the low-lying h , , ,„ and d„ ,,-, l eve l s . The calculation of their 
absolute r a t e h a s been a good tes t of s e v e r a l nuc lear models . ' 
The e l ec t r i c octupole t rans i t ion has now been observed in a 
number of t in - reg ion nucle i . These t rans i t ions a r c observed to compete 
with M2 t rans i t ions from the known h, , / 2 s ing le -pa r t i c l e s t a t e s . 
P r e s u m a b l y the enhancement of one to two t imes the s ing le -par t i c le 
r a t e re f lec t s the influence of the octupole s ta te identified at about 3 
135 MeV in many of the core nuclei . 
THREE-PARTICLE E F F E C T S AND THE h u >2 ~ g 7 / . , . UNIQUE, F I K M -
FORBIDDEN BETA DECAY 
It is often poss ible to obtain information about the r a t e s of beta 
decay by performing detai led balances of g a m m a - r a y in tensi t ies populating 
and depopulating the levels of a nucleus . This information, in conjunction 
with half-life values, y ie lds log ft va lues . Since the unique, f i r s t -
forbidden, be ta -decay p r o c e s s has only one ma t r ix e lement governing it 
(<a- T 2 > ) > t n e l °g f i ' values in a re la ted s e r i e s of nuclei can be used a s 
a m e a s u r e of changes in the nuclear s t ruc tu re of the s t a tes involved. 
The 7 /2 -» 11/2 beta t rans i t ions in the o d d - m a s s nuclei in the 
te l lu r ium-xenon region a r e a good example, and we d iscuss them next. 
The data in the l i t e r a tu re for the log f,t value of the o d d - m a s s 
137 137 
iodine nuclei a r e shown in Fig. 56. Except for the Cs -* Ba value, 
at best these values a r e highly suspect . Therefore, ive performed 
prec i s ion spec t roscopy on all of the odd-mass iodine nuclei that beta 
135 decay to xenon. The I case is most in teres t ing s ince i ts old log f-t 
value of 12 sugges ts quite a su rpr i s ing change in the s t ruc tu r e of the 
iodine or xenon. To obtain a consis tent value for this, we had to s epa ra t e 
/ f r » w - 8 - . r . ' ; • « - , : • •-'.,--- • »••• ' , . • , . . ,., . , l , „ i , „ 
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iodine from fission products, seal it in quartz, and then freeze it to 
liquid nitrogen (LN,) temperatures. Then, while the source was kept at 
LN, temperature, we took spectra over several half-lives of the 1 0 0 X e 
1 QK 
daughter. This measurement, combined with our other ± o a l (Figs. 37-39) 
and 1 3 5 X e <Figs. 57 and 58) decay data, gave the value of 10.06 for the 
133 133 log f.t. This and our I •» Xe results (see Fig. 59) are shown in 
Fig. 60, where they are compared with other values we have measured. 
The variation of the log f.t value among the odd-mass iodine to 
xenon nuclei can be understood if pairing is included; however, the 
variation with atomic number is not readily apparent until we take into 
account the three-particle correlations in these nuclei. First, though, 
we note that the 11/2" level in all these nuclei is fairly well behaved. 
This can be seen in Fig. 61, where the B(M4) value from the l l /2~ to 
the 3/2 level is compared with theory. The values are consistent with 
a fairly pure h, t y, configuration. Therefore, the 7/2 ground state of 
the parent is suspect. We note that three-particle correlations should 
be strongest in the Z = 53 iodine nuclei, and thus have the greatest 
influence on the availability of a single g 7 / 2 nucleon for beta decay. 
Conversely, we would expect the fastest decay from the Z = 51 antimony 
nuclei, as there is only one proton. The trend shown in Fig. 50 agrees 
with this, suggesting that there are substantial three-particle correlations 
even in the ground state of the nuclei with atomic number 53 and greater. 
-27-
SUMMARY 
The electromagnetic decay properties of odd-mass nuclei have been 
discussed. These data and complementary information have been used 
to show how multiparticle and high-j shell-model states can account for 
the observed deviation of nuclear properties from a simple vibration-
coupled picture. Of the three major effects discussed, the first was the 
inclusion of three quasi-particle configurations: 2p-lh configurations 
described the odd-mass antimony nuclei, three-particle effects improved 
the description of the 51 to 59 odd-neutron and odd-proton nuclei, and nvv 
states could account for the negative-parity levels of iodine near the 
N = 82 shell closure. Second, the occurrence of rotationlike bands in 
otherwise vibrationlike nuclei were discussed. Lastly, the levels and 
their electromagnetic decay properties of some K = 81 nuclei were 
compared to the known states in the even-even core nuclei to explain the 
observed deviation of the level structure from a purely vibrational 
picture. In conclusion, I would like to point out that a number of the 
multiparticle effects may be accounted for when calculations of the 
1 ^fi type done by Immele and Struble become available for the vibrational 
class of nuclei. 
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APPENDIX I 
Experimental Techniques and Equipment 
Often the critical test of a nuclear model involves measurement 
of a gamma ray that represents a transition far l e s s probable than others. 
In the past few years , the development of a number of experimental 
devices for detecting low-intensity gamma rays has allowed us to probe 
the nucleus further than thought possible before. A large body of data 
on electromagnetic transition probabilities is obtained from the 
measurement of gamma rays from radioactivity. Consequently, the 
discussion here will be limited to current techniques used in the 
attainment of radioactive sources , their measurement, and the analysis 
of raw data. Where possible, I will illustrate these with equipment 
available at LLL. 
Current Techniques 
A pure isotopic species is the most ideal radioactive source. To 
isolate isotopically pure sources with short half- l ives from the fission 
137 process , the fission-fragment analyzer, developed by P. C. Stevenson, 
is best; devices such as "Tristan und Isolde" at Ames, Iowa, U . S . A . , 
139 and CERN are useful for extracting gaseous fission products and 
spallation products, respectively. For longer-lived radioactive sources, 
off-line isotope separators can be used. The high yield attained by 
54 
P. Johnson on the LLL isotope separator has allowed the collection 
of up to 99% of the original isotopic radioactivity. 
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Prior chemical purification is necessary for sources that are 
to be mass separated with off-line devices. There are numerous chemical 
140 purification techniques ; however, two recent developments should be 
mentioned. The first concerns the separation of rare earth elements. 
141 Mode and coworkers have developed high-pressure resin columns 
in which they have attained single-element separation within 30 min to 
1 hr. The second development involves separating gases by gas-
chromatographic techniques. Interfacing a small computer with this 
technique allows the automatic separation of xenon from all other 
nssion-product gases. 
A number of the critical studies discussed in the text depend on 
the rapid isolation of a particular element from the products of thermal 
fission. For this, we have developed a microcomputer-controlled system 
that automatically controls the irradiation, delivery, and chemical 
separation of selected fission products. For example, we can separate 
i i o antimony within 29 sec after the end of irradiation (see next section). 
The swift separation of fission products has benefited in the past few 
ye~,d by the excellent work of Prof. G. Herrmann and his coworkers 
at M a i n z . 1 4 2 
There are numerous discussions on current gamma-ray spectroscopy 
techniques. However, mention should be made of a key da vice in the 
measurement of very low-abundance gamma rays present in radioactive 
decay: the Compton Suppression Spectrometer as designed by D. C. 
144 Camp (see Fig. 62). In all germanium detectors, the Compton 
distribution from higher energy gamma rays may mask less intense 
lower energy gamma rays; however, in the Compton Suppression 
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Spectrometer, the Compton events .tee significantly reduced in the 
final spectra. This spectrometer allows detection of gemma ray* 
tens-to-hundreds-of-thousands times tests intense than higher energy 
gamma rays. Such a technique is particularly significant when 
searching for gamma rays that are forbidden by a nuclear theory or 
model. 
Generally, gamma-gamma coincidence experiments are performed 
using a memory buffer with magnetic tape readout. An extension of the 
system to three parameters allows measurement of the time interval 
between pairs of gamma rays. This technique is useful in measuring 
lifetimes in the range of nanoseconds to milliseconds. A more 
sophisticated gamma-gamma spectrometer has been developed by 
145 
L. G. Mann and coworkers at the lladiochemistry Division of LLL. 
This megachannel system uses a small computer-based coincidence 
spectrometer with a disc memory. -Such a device permits on-line 
analysis of coincidence data. 
Measurement of conversion electrons is most readily made with 
Si(Li) detector systems. However, this technique is limited by the 
fact that Si(Li) detectors are very sensitive to the Compton process 
and, hence, produce large backgrounds. To overcome such a 
difficulty, we have developed a unique instrument incorporating a 
magnetic field that bends the electrons in a trochoidal path, focusing 
them on a silicon detector shielded from the source and its gamma rays. 
The analysis of raw gamma-ray spectroscopy data involves the 
reduction of multichannel spectra. The computer code GAMMANL has 
146 been developed by R. Gunnink and coworkers for use on the 
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LLL CDC'7600 and cither type* of computer*. This* technique uses 
a realistic sigmoids! background for phctapeak* am! fits file photopcak 
snap* with a skew«dC<tu*xUn. ' The program 3AMPO i* superior 
for reducing conversion electron spectra, particularly when used in 
th* VfSTA interactive mode. A rwwer integrated concept carnitines 
» *matl disc-computer tytttttm with * gamma-ray spectrometer 
system and modified GA.MMANL- routine. 
Application of Current Technique*: -Study of T o w 
.Some of these technique*, as well as the development of our 
microprocessor, controlled, fast-chemistry facility, can be well 
illustrated by our study of i levels. The difficulty of isolating 
fairly pure To from fission products for spectroscopy studies 
is mainly due to the fact that most techniques that isolate T e m also 
134 134 
produce Te. This latter activity in turn produces I in equilibrium 
and masks the measurement oi 3 3 T e m ( Te and l 3 4 l have similar 
half-lives). The beat way to isolate the Te is first to produce 
2.4 5-min l 3 3 S b and then milk the 1 3 3 T e daughter. This avoids the 
I 3 4 T c , because , 3 4 S b is known to have a half-life of 0.1? s e c . 3 
However, it has the disadvantage of requiring the handling of targe 
amounts of radioactivity. 
We have developed a microcomputer-controlled system based on 
an INTEL-8008, CPU-pin integrated circuit. This system allows automatic 
handling of a rabbit into the reactor, irradiation, and delivery of the 
rabbit to one of four external stations. Once the rabbit is delivered to 
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the fast-chemistry station, a second microcomputer takes over. This 
chip, which can contain up to 2000 programmable steps, controls the 
extraction and processing of the sample. In the case of isolating the 
Te, a solution of enriched " V was irradiated in the Livermore 
Pool Type Reactor (LPTR) and extracted after 1 to 30 sec. After 
extraction of the solution, the antimony carrier was automatically added 
and the mixture dropped into hot sodium borohydride, which produced 
stibene gas (SbH_). The stibene gas was then bubbled through HC1 and 
mixed in a slurry of resin. The slurry was dropped into a catcher 
and rinsed with acid. After a delay time of 2 to 3 min, the resin was 
133 washed with dilute acid to strip off the Te that had grown in. This 
ended the automatic phase of the separation. 
The sources were either counted for measurement of the 12.4-min 
ground state or stored for about 1 hr and repurified to give nearly 
pure Te . The automatic part of the separation was completed 
in 29 to 40 sec, and the system was ready to process a subsequent 
irradiation within a minimum of 1 min 30 sec. 
The spectroscopy measurements used several different techniques. 
The singles' spectra were taken by using several Ge(Li) detector 
systems in succession; that is, one source was counted on detector A 
for one half-life. The first source was then moved to detector B and 
a new source was put on detector A. Repetition of this sequence with 
numerous sources and several detectors allowed us to collect high 
counting statistics for several time periods. The detectors used 
included large-volume Ge(Li) detectors and Ge(Li)-LEPS (low-energy 
photon spectrometer); the latter allowed measurement of gamma rays 
with energies of from 10 to 200 keV. 
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The gamma-gamma coincidence experiments were performed 
on two types of instruments. The first was the LLL megachannel 
analyzer. Use of this system allowed easy access to the data, for 
as described earlier, all data is stored on a two-million-word disk. 
The second gamma-gamma coincidence experiment was performed 
through a collaboration of LLL and University of Maryland workers 
133-134 at the KBS reactor. In this experiment a Te source was 
produced from fission once every hour. The tellurium was adhered to 
a resin and the iodine daughter products were continuously eluted 
away by concentrated HC1. The analysis of the buffer-tape gamma-





Direct calculation of transition rates from a particular nuclear 
ISO model is the best test of that model. However, often these 
calculations are not available and we must resort to a standard 
estimate. For gamma-ray transitions, we can use the single-particle 
J51-1S2 l r 3 
estimates given by VVelsskopr and modified by MoskowsWl. 
These take the general form: 
T 1 / 2 : S . P > X > " f U * R > ff?*1^)"1. 
where S is a statistical factor to account for the change in magnetic 
substates, E is the gamma-ray energy, R is the nuclear radius, and 
X is the multipole order of the transitions. The explicit form for 
153 specific multipole orders can be found in standard texts. 
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Table 1. Experimental vs calculated B(E2) | values 
Level 
(in keV) <J*> 
507 ( 3 / 2 f ) 
573 (1/2 *") 
947 (9/2") 
1024 ( 7 / 2 f ) 
1035 <9/2 + ) 
1145 <9/2 + ) 
B(h:2) J (100 e ! 2 b 2 ) 










Table 2. Calculated configurations for 9/2 levels in Sb. 
9 2' level 
Percent 
of configuration 
in keV 15/2, 12> 17/2, 12> l 2 p l h > l2p lh . 12> Other 
948 12 3 '74 8 -
1035 <1 79 - 1 4W/2,22> 
1 0 | 7 / 2 , 24> 
1144 69 12 2 l 5 / 2 , 22> 
7 l5 /2 ,24> 
117/2, 22> 
4 ) 1 / 2 , 24> 
- 4 9 -
Table 3. Ml h indrances and E2 enhancement for nuclei with 78 neu t rons . 
Trans i t ion 131 Ta 133„ b 13a T c 1 3 7 n d 1 t s k a P r 
. H(M1) 140 
7 / 2 - 5 / 2 E ( E 2 ) 
5 / 2 + ~ 7 / 2 + H ( M 1 ) 
5fZ2 7 / d E (E2) 
J r / 9 + - , = ; 9 + H(M1) 
S/^2 ° / ^ i E (E2) 
3 / 2 + - 5 / 2 * H(M1) 
i E (E2) 
3 / 2 + - 7 / 2 + E(E2) 
3 / 2 + - * 5 / 2 + H ( M 1 ) 
ill i>/*x E (E2) 
l / 2 + - > 3 / 2 + H ( M 1 ) 
Ll* 6I* E (E2) 
l / 2 + - 5 / 2 . 1 E (E2) >12 £52 
b D a t a from Ref. 44. 
Data from presen t work and Ref. 45. 




260 to 4 1 0 e ' f 
17 to 6 5 e ' f 
670 
33 5.0 
7 to 1 4 e 
120 to 24 0 e 
280 













T , 12 of 5/2,1 leval i s uncer ta in; s ee Ref. 44 
lbZ = 1.08 
see Ref. 44 
f 2 b .  from internal convers ion data and 0.35 from angular c o r r e c t i o n r e s u l t s ; 
- 5 0 -
Table 4. Percentage of E2 in various odd-proton nuclei. 
E 7 Method of 
Isotope Transitions keV Multipolary determination 0 
9 5 T c 7 / 2 + ( l > - 9 / 2 + U ) 336 Ml ' < 1 1 ± 9 ) % E2 <*K, K / L + M 1 2 0 
9 7 T c 7 / 2 + ( l ) - 9 / 2 + ( 1 ) 215 Ml + (7 ± 6)% E2 aK, K/L + M 1 2 1 
Ml +(10 ±4)% E2 aK, K/L + M 1 2 0 
9 9 T c 7 / 2 + ( l ) - 9 / 2 + ( l ) 141 Ml + (7 ± 3)% E2 a R , K/L + M 1 2 2 
9 9 R h 7 / 2 + ( l ) - » 9 / 2 + ( l ) 136 Ml ••-(13 ±4)% E2 c*K, K/L + M 1 2 0 
1 0 1 R h 7 / 2 * ( l ) - 9 / 2 + (1) 25 Ml +• (3.8 ± 1.5)% E2 a T 1 2 0 
1 0 5 R h 7 / 2 + ( l ) - 9 / 2 + ( l ) 53 Ml + (1.8 i 1.7)% E2 * K U 8 
1 0 5 R h 9 / 2 + ( l ) - 7 / 2 + ( 1 ) 149 Ml - (19 ± 8)% E2 < * L 1 2 3 
1 0 9 R h 9 / 2 + < l ) - » 7 / 2 + U ) 45 Ml * (16)% E2 « T 1 2 4 
a T h e number in parentheses i s the number of the level with this J value. 
The theoretical conversion coefficients from Ref. 119 have been used to 




Fig. 1. Systematics of odd-mass antimony nuclei. 
Fig. 2. Systematics of U Sb to Sb showing trend of the three 9'2 + 
levels. 
Fig. 3. Decay sheme of 1 2 I T e m and 1 2 1 T e g . 
Fig. 4. Comparison of calculated and experimental B(E2) values in 
1 2 1 S b . 
119 Fig. 5. Decay of selected levels in Sb. 
Fig. 6. Decay of U 9 T e g . 
Fig. 7. Decay of 1 1 9 T e m . 
Fig. 8. Systematics of odd-mass iodine nuclei. 
Fig. 9. Decay of 1 2 9 T e g . 
Fig. 10. Decay of 1 2 9 T e n i . 
129 Fig. 11. Comparison of theory and experimentally observed levels of I 
Fig. 12. Systematics of levels in odd-mass molybdenum nuclei. 
Fig. 13. Decay of 9 5 T e m . 
Fig. 14. Decay of 9 5 T e g . 
Fig. 15. Systematics of low-lying levels of odd-mass lanthanum nuclei. 
Fig. 16. Decay of 1 3 7 C e m . 
Fig. 17. Decay of 1 3 7 C e g . 
13 5 Fig. 18. Decay of Ce (low energy levels). 
13 5 Fig. 19. Decay of Ce (high energy levels). 
Fig. 20. Systematics of odd-proton N = 78 nuclei. 
131 133 
Fig. 21. Selected levels and level-decay properties of land 1. 
- 5 2 -
Fig. 22. Leve ls to 2 MeV in 1 3 3 I populated in 1 3 3 T e m decay. 
Fig. 23. (Left) Compar ison of exper imental ly observed leve ls with 
theore t ica l ca lcula t ions; Theory A: rigid ro tor ; Theory B: 
effect of pa i r ing inclusion in a t r i ax ia l ro to r , (Right) Decay 
133 p r o p e r t i e s of selected l eve l s of La. 
Fig. 24. Decay of 1 3 3 C e to l eve l s in 1 3 3 L a (0 to 1.5 MeV). 
F ig . 25. Decay of 1 3 3 C e to leve ls in 1 3 3 L a (1.5 to 1.9 MeV). 
Fig. 26. Decay of 1 3 3 C e to l eve l s in 1 3 3 L a (1.9 to 2.1 MeV). 
Fig. 27. Decay of 1 3 3 C e t levels in 1 3 3 L a (2.1 to 2.9 MeV). 
Fig. 28. Decay of 1 1 3 S n . 
Fig. 29. Decay of 1 1 5 C d g . 
Fig. 30. Decay of 1 1 5 C d m . 
Fig. 3 1 . Levels observed 'n In. 
Fig. 32. Decay of h igh-spin l eve l s in In. 
F ig . 33 . Decay of l ower - sp in l eve l s in In. 
F ig . 34. Sys temat ics of N = 81 nuclei . 
Fig. 35, Decay of P r . 
135 Fig. 36. Compar i son of exper imenta l ly observed l eve l s in Xe with 
s imple ho le -core -coupl ing predic t ions . 
Fig. 37. Decay of 1 3 5 I (0 to 2.0 MeV). 
Fig. 38. Decay of 1 3 5 I (2.0 to 2.3 MeV). 
F ig . 39. Decay of 1 3 5 I (2.3 to 2.5 MeV). 
133 Fig. 40. Decay of selected l eve l s in Te populated in the decay of 
2.45-min 1 3 3 S b . 
99 Fig. 4 1 . Decay of Mo. 
Fig. 42. Low energy leve: s of Tc populated in the decay of Mo. 
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Fig. 43. Systematics of odd-proton nuclei with 58 neutrons (bottom) 
and 45 protons (top). 
Fig. 44. Levels of 1 0 3 R h populated in the decay of 1 0 3 R u and 1 0 3 P d . 
Fig. 45. Systematics of levels in odd-mass nuclei with 33 to 39 neutrons. 
Fig. 46. Systematics of the odd-neutron zinc (Z = 30) nuclei. 
Fig. 47. Decay of 6 7 G a . 
Fig. 48. Systematics of odd-mass nuclei with proton numbers 29, 31, 
and 33. 
Fig. 49. Positive-parity levels in the Z = 33 arsenic levels. 
75 Fig. 50. Levels observed in As. 
Fig. 51. Decay of Ge. 
Fig. 52. Decay of 7 5 S e . 
Fig. 53. Selected E3 and M2 transitions in tin-region nuclei. 
Fig. 54. Systematics of odd-neutron tellurium nuclei. 
Fig. 55. Decay of 1 2 5 S b . 
Fig. 56. Unique, first-forbidden, log f.t values previously reported 
in the literature. 
Fig. 57. Beta decay of 1 3 5 X e m . 
Fig. 58. Decay of 1 3 5 X e g . 
Fig. 59. Decay of 1 3 3 I . 
Fig. 60. Values for the 7/2 -» 11/2" unique, first-forbidden beta 
transition in the tin region. 
Fig. 61. Experimental B (M4) values for N =81 nuclei (see Reference 
105 for details of theoretical calculations). 
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